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The development of most multicellular organisms involves coordinated cell movement. The early aggregation of
Dictyostelium cells has been shown to be mediated by chemotactic movement to propagating waves of cAMP. We have
proposed that propagating waves of a chemoattractant, most likely cAMP, also control the movement of cells in mounds
and slugs. We have now used periodic pressure injection of pulses of cAMP in the extracellular space of aggregation streams,
mounds, and slugs to investigate whether these signals can be relayed and control cell movement, using quantitative digital
time-lapse microscopy. Our major findings are (1) short (0.1 s) pulses of cAMP (107 molecules) were able to elicit optical
density (OD) waves in fields of aggregating amoebae. They propagate from the micropipet outward and interact with
endogenous OD waves. (2) Periodic injection of cAMP pulses into aggregation streams blocked the pulses coming from the
center and led to the rapid accumulation of cells downstream of the pipet around the pipet. (3) Injection of pulses of cAMP
into mounds elicited OD waves, which propagated from the pipet outward and interacted with the endogenous waves,
indicating that the same propagator carries them. (4) Periodic microinjection of cAMP in the prespore zone of slugs led to
accumulation of anterior-like cells around the micropipet followed by tip formation. Furthermore, the cAMP signal could
control the spacing of the endogenous sorting pattern. These results strongly support the hypothesis that the optical density
waves observed during early development up to the mound stage represent propagating cAMP waves. They suggest
furthermore that cAMP is the morphogen that controls cell movements in slugs. © 1998 Academic Press
Key Words: Dictyostelium discoideum; optical density wave propagation; chemotaxis; cAMP; microinjection; cell
sorting.
INTRODUCTION
A major goal of the study of the development of eukary-
otic organisms is to understand the mechanisms of mor-
phogenesis. This involves in addition to spatiotemporal
control of cell proliferation, cell death and cell differentia-
tion coordinated cell movement. This movement must be
precisely controlled in space and time and thus requires
extensive cell–cell communication. Furthermore, during
processes such as gastrulation and formation of the nervous
system, cell movement must be coordinated over large
distances in the embryo. This requires long-range signals,
which are dynamically regulated. This could be achieved by
emitting signals from an organizing center, which are then
relayed from cell to cell. A prime example of such a sig-
naling mechanism coordinating cell movement is the ag-
gregation of the social amoebae Dictyostelium discoideum.
Dictyostelium undergoes starvation-induced multicellular
development in which single cells aggregate chemotacti-
cally toward cyclic AMP signals emitted periodically from
an aggregation center. This signal is relayed from cell to cell
outward enabling cell–cell communication over large dis-
tances on a time scale of minutes. Based on our analysis of
cell movement patterns, and visualization of optical den-
sity waves in the densely packed multicellular mounds and
slugs, we have proposed that wave propagation of a chemo-
tactic signal is also responsible for the control of cell
movement in these later structures (Bretschneider et al.,
1995; Siegert and Weijer, 1995; Dormann et al., 1997). The
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most likely candidate for this molecule is cAMP, since the
whole machinery for cAMP relay is conserved during de-
velopment and cAMP is known to play an important role in
the differentiation of cell types (Firtel, 1996). To investigate
this it is necessary to perturb cAMP signaling in a defined
way and study the effects on development, for instance by
studying the effects of mutations in essential components
of the signaling system. It has been contested recently that
cAMP is the chemoattractant involved (Wang and Kuspa,
1997). This was based on the finding that a mutant defec-
tive in the adenylate cyclase gene ACA, which is believed
to be mainly responsible for cAMP formation during aggre-
gation and which overexpresses the catalytic subunit of
cAMP-dependent protein kinase, can form mounds and
finally slugs when plated at high cell density. However,
since cAMP signals are also used to control cell differentia-
tion, it is often difficult to separate the effects of such
constitutive mutations on the control of differentation
from those on the control of wave propagation and cell
movement. An attractive alternative method of investiga-
tion would be to rapidly manipulate the ambient cAMP
levels by periodic microinjection of cAMP pulses and study
the instantaneous effects on wave propagation and cell
movement as we have done in this paper. This technique
may also be useful to investigate the nature and dynamics
of the signals that control cell movement in embryos of
higher organisms, especially if they where suspected to be
relayed chemoattractants.
Dictyostelium cells live as individual amoebae in the soil
where they multiply by binary fission. Starvation induces a
developmental cycle in which free-living amoebae start to
aggregate to form multicellular aggregates, which transform
via a migratory slug stage into a fruiting body consisting of
a stalk supporting a spore head (Raper, 1940). The aggrega-
tion of the amoebae results from chemotaxis toward propa-
gating waves of cAMP. During early development some
cells periodically start to emit pulses of cAMP, which are
detected and amplified by surrounding cells, thereby lead-
ing to a succession of outward propagating cAMP waves
(Devreotes, 1989). The molecular basis of the cAMP oscil-
lations is relatively well understood and reviewed in Parent
and Devreotes (1996). The cAMP oscillations are based on
the detection of cAMP by a high-affinity cAMP receptor
(cAR1), which upon binding of cAMP activates a heterotri-
meric G protein, Ga2, leading to its dissociation in an
activated Ga2 and a bg complex. The bg complex then
binds another protein, CRAC (cytosolic regulator of adenyl-
ate cyclase), resulting in its translocation to the membrane.
This complex activates adenylate cyclase and cAMP syn-
thesis is switched on. The major portion of cAMP is
secreted to the outside and binds to the receptor again,
resulting in a positive feedback loop. A desensitization
process stops this positive feedback and slows cAMP syn-
thesis. In the meantime, cAMP is degraded continuously by
extracellular phosphodiesterase leading to a decay in cAMP
levels. Thereby, the cells regain sensitivity to cAMP and
another cycle of autocatalytic cAMP amplification starts.
The whole process results in periodic cAMP oscillations.
Upon stimulation by cAMP, the cells start to move
chemotactically toward increasing cAMP concentrations,
resulting in the periodic movement of the cells toward the
source of the cAMP signal. Chemotactic movement is
accompanied by a characteristic sequence of cell shape
changes (Varnum et al., 1986; Wessels et al., 1992). The first
reaction, within 10 s of stimulation by cAMP, is a fast
contraction of the cells, called the “cringe” response (Fu-
trelle et al., 1982). During the rising phase of the cAMP
wave the cells elongate and move toward the aggregation
center. Due to an adaptation process the cells become
insensitive to cAMP and stop moving when the cAMP
concentration falls again. During this period the cells ap-
pear more rounded and extend pseudopodia in different
directions. Upon arrival of the next cAMP signal, the whole
cycle repeats itself resulting in waves of coordinated, peri-
odic cell movement. These waves emanating from the
aggregation center can be observed as bright and dark
optical density bands under dark-field illumination (Alcan-
tara and Monk, 1974; Gross et al., 1976; Siegert and Weijer,
1989). Bright bands correlate to elongated, persistently
moving cells, while dark bands indicate adapted, less motile
cells. By cAMP isotope dilution fluorography, it was shown
that during early aggregation these OD waves colocalize
with waves of cAMP (Tomchik and Devreotes, 1981). Bright
optical density bands are associated with high levels of
cAMP; dark bands are regions of low cAMP. The amplitude
of the signal waves varies from 1029 to 1026 M cAMP
(Devreotes et al., 1983). The OD waves appear either as
expanding, rotating spirals or as concentric ring waves.
After passage of 10–15 optical density waves the amoebae
start to form cell–cell contacts and to collect in aggregation
streams. Most of the cells enter streams and then move
toward the aggregation center to form the mound. In
aggregation streams optical density waves are only weakly
visible under dark-field illumination in “wild-type strains.”
Previous experiments on the movement of individual fluo-
rescently labeled cells in aggregation streams showed that
they do not undergo clear periodic shape changes due to
tight cell–cell contacts. It was found that cells in aggrega-
tion streams are predominantly elongated, thereby blurring
optical density changes (Rietdorf et al., 1997; Siegert and
Weijer, 1991). A detailed analysis of single cell movement
using digital image processing techniques however showed
that there is still a periodic component to the movement of
these cells and the measured period corresponded well to
that of optical density waves (Siegert and Weijer, 1991).
In the aggregation center, the incoming cells start to pile
on top of each other to form a three-dimensional hemi-
spherical structure, the mound. We were able to visualize
OD waves in the multicellular mound stage and we showed
that the waves propagate as concentric rings, spirals, or
multiarmed spirals depending on the strain and experimen-
tal conditions (Siegert and Weijer, 1995, 1997). Mounds
organized by propagating spiral waves showed (counter)ro-
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tational and periodic cell movement. In mounds organized
by concentric waves the pattern of cell movement was less
organized since all cells try to move toward the source of
the signal on top of the mound. Due to the close packing of
the cells, this is not possible and it results in a more or less
chaotic, jittery cell movement. These observations raised
the question of whether these OD waves also represent cell
shape changes in response to cAMP similar as those seen
during the aggregation stage.
The analysis of cell movement patterns in slugs and
culminates showed that there is strong rotational move-
ment of the cells in these structures and that the movement
is often periodic. Neighboring cells often behaved in a
coordinated fashion (Siegert and Weijer, 1992). Recently we
have shown the existence of propagating optical density
waves in slugs of Dictyostelium mucoroides (Dormann et
al., 1997), as well as periodic movement behavior of cells in
all stages of development (Siegert and Weijer, 1997). From
these observations, we have proposed that all of Dictyoste-
lium morphogenesis is controlled by chemotaxis to propa-
gating waves of a chemoattractant: simple concentric and
spiral waves during aggregation, more complex three-
dimensional concentric and spiral waves in mounds, and
three-dimensional (twisted) scroll waves in slugs (Bret-
schneider et al., 1995; Vasiev et al., 1997).
To address the question of whether cAMP is the chemo-
tactic signal, we tried to interfere with the potential endog-
enous cAMP signals by microinjection of cAMP pulses.
This technique has previously been shown to be successful
in inducing aggregation centers in fields of aggregation-
competent cells (Robertson et al., 1972) and accumulation
of anterior-like cells in regulating slugs (Durston and Vork,
1979; Matsukuma and Durston, 1979). We use periodic
pressure injection to deliver pulses of cAMP of variable
duration and concentration into the extracellular space of
various developmental stages, while we monitor OD wave
propagation and chemotactic cell movement. We show that
we can elicit further optical density waves between autono-
mous optical density waves in early aggregation territories,
aggregation streams and mounds, when we partially repress
the endogenous cAMP signaling by the adenylate cyclase
activation inhibitor caffeine. These elicited waves interact
(fuse or annihilate) with the endogenous optical density
waves, showing that they are carried by the same propaga-
tor. Furthermore, we can control the position and spacing of
new tips formed by cell sorting of anterior-like cells in slugs
on caffeine-containing agar.
METHODS
Growth of cells and culture conditions. Ax2 cells were grown
axenically in HL5 medium as described (Sussman, 1987). The cells
were grown to a density of 1–6 3 106 cells/ml and harvested by
low-speed centrifugation. To initiate development cells were
placed at density of 5 3 105 cells/cm2 on 1% KK2 (20 mM
potassium phosphate, pH 6.8) or water–agar plates and incubated at
22°C for up to 48 h. Caffeine was added in concentrations of 2 to 4
mM. Aggregation usually started at 6 h of development, and tipped
mounds formed after 12 h. Prestalk cells in slugs were labeled with
the vital dye neutral red by incubating them in 0.06% neutral red
in buffer for 1 min, followed by two washes in distilled water
(Weijer et al., 1987). Slugs were obtained by placing drops of cells
(108 cells/ml) on 1% water–agar plates (1% Difco Bacto-agar in
distilled water) incubated in the dark for 24 h at 18°C. Slugs were
used for the experiments after 24 to 72 h.
Microinjection. Glass micropipets (World Precision Instru-
ments) were pulled using a moving coil micropipet puller (Camp-
den Instruments Ltd., Model 753). To obtain an inner diameter of
1–2 mm the pulled tips were broken under microscopic observation
against a glass slide. Injection pressure was set to 15 psi (1 bar) by
a pneumatic Pico Pump (World Precision Instruments, Model
PV820). Varying the length of the injection time controlled the
injected volume. The injection was triggered by a TTL signal from
a personal computer. Micropipets were filled with solutions of
cAMP in KK2 also containing fluorescein, which was used to
monitor the distribution of fluid after the injection. The tip
position of the micropipet was controlled by a micromanipulator
attached to the microscope stage.
Calibration of the micropipet injection method. To calibrate
the microinjection system we had to determine the amount of
liquid injected by a pulse at a given injection time as well as the
amount of cAMP released by simple diffusion from the micropipet.
To calibrate the leakage flow the efflux from a micropipet filled
with 5 mM fluorescein–KK2 solution into a small defined volume
of KK2 buffer was measured. We used fluorescein since it has a
similar molecular weight and charge as cAMP at physiological pH.
The change of fluorescence intensity over time was monitored by
time-lapse video recording and compared to intensity changes in
standard fluorescein solutions (not shown). The efflux rate esti-
mated from these experiments was about 109 molecules/min at
22°C with a 5 mM solution inside the tip and a tip diameter of 1
mm. The efflux rate was constant over 3 h. The efflux rate at 500
nM cAMP is estimated to be 105 molecules/min.
The volume injected after a pulse was calibrated by injecting
buffer from the pipet in a drop of silicon oil (Ar20/AR200, Wacker
Chemie GmbH, Munich, Germany). The volume was calculated
from the diameter of the spherical droplet formed after a number of
injections. The volume was adjusted to 0.01–0.1 nl by adjusting the
duration of the pulse in the range of 50–500 ms. For instance,
injection of a 0.1-nl droplet from a micropipet containing 500 nM
cAMP would represent 3 3 107 molecules.
Image acquisition and analysis. Dark-field wave propagation
in aggregation fields and mounds was observed and analyzed by
time–space plots and image subtraction as described earlier by
Siegert and Weijer (1989, 1995). Neutral red-stained slugs were
filmed while submerged in mineral oil as described by Siegert and
Weijer (1992). For high-resolution images of neutral red-stained
vesicles and fluorescent cells, we used a cooled CCD camera
(Hamamatsu C4880) attached to a Zeiss 135 TV inverted micro-
scope. Cell movement was analyzed as described by Rietdorf et al.
(1996).
RESULTS
Optical density wave induction during early aggrega-
tion. To test the method in an in vivo experiment we
performed experiments in which we periodically microin-
jected pulses of cAMP into fields of early aggregating stage
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cells which already had set up endogenous signaling cen-
ters. Initial experiments showed it was difficult to elicit
waves from the pipet that would propagate for a significant
distance under these conditions. This is presumably be-
cause few cells are responsive between waves. It has been
shown by the fluorography experiments of Thomchik and
Devreotes (1981) that at this stage there is a direct correla-
tion between cAMP and optical density wave propagation.
These fluorography experiments were performed in the
presence of small amounts of caffeine. Caffeine is known to
be an efficient and “concentration-dependent” inhibitor of
the cAMP relay caused by the concentration-dependent
inhibition of the activation of adenylate cyclase (Brenner
and Thoms, 1984). It makes the waves more coherent and
slows their oscillation frequency, also resulting in fewer
aggregation centers. The reduced period of signal propaga-
tion together with reduced levels of internal cAMP produc-
tion facilitated the initiation of artificial optical density
waves. If 1–2 mM caffeine was added to the plates, artifi-
cially induced waves propagated over an area of more than
1 cm. We choose 1–2 mM caffeine since we had shown
previously that at this caffeine concentration the waves are
slowed down but normal development into mounds and
slugs still occurs (Siegert and Weijer, 1989). Figure 1 shows
a field of aggregating D. discoideum amoebae of strain AX-2
under dark-field illumination. The image represents an area
of 1.5 3 2 cm of a Petri dish containing about 5 3 106
amoebae on 1 mM caffeine–agar 5 h after starvation. Clearly
visible are the optical density waves, which appear pre-
dominantly as spirals. The six panels in Fig. 1A were
acquired at 2-min intervals. At timepoint 0 min a pulse (0.1
nl of 500 nM cAMP, i.e., 3 3 107 molecules) was injected
into the cell layer just in front of an endogenously produced
spiral wave. An optical density wave emanating from the
micropipet can be clearly seen 2 and 4 min after microin-
jection of cAMP near the wave front of the endogenous
wave. This triggered optical density wave propagated away
from the needle tip and collided with the wave coming from
the original neighboring endogenous spiral center. At the
location where the endogenous spiral wave and the trig-
gered wave meet, they annihilate, while further to the sides
the wave fronts merged. As predicted by the theory of
excitable media and as shown experimentally before, nega-
tively curved wave fronts (cusp-like structures) moved
faster than the positively curved endogenous spiral wave
front (Foerster et al., 1990). This is due to an increased rate
of accumulation of cAMP in the cusp (where cAMP is
coming from both wave fronts) compared to the normal
wave front where cAMP gets diluted (i.e., the area in front
of the wave increases). This leads to a smoothening of the
spiral wave until the triggered wave was completely ab-
sorbed by the endogenous spiral wave. A second pulse was
released at 5 min corresponding to just over half the period
of the endogenous spiral wave. A reaction to this pulse is
not visible until 7 min indicating that cells were still
refractory at 5 min. However, a reaction to this pulse from
the pipet appeared before arrival of the next endogenous
wave front (Fig. 1, 8 min) showing that cells have recovered
excitability about 6 min after excitation. As seen with the
first wave, the signal propagated from the tip of the needle
and merged with the endogenous signal (Fig. 1, 10 min).
To illustrate the kinetics of this process more quan
titatively, a time–space plot was recorded (Fig. 1B) starting
15 min before the first injection. The white rectangle in Fig.
1A indicates the location of the acquisition window for the
time–space plot. Arrows indicate the position of the needle
tip. 09 marks the time of the first injection of cAMP (the
same time point as 0 min in Fig. 1A). The endogenous signal
period was 8 min as calculated from the time period before
cAMP injection (above the top arrow) and by measuring
neighboring centers (roof-shaped line structures to the left
and right of the arrows). This period could be lowered to 6
min by cAMP microinjection as can be seen in the time–
space plot. It can also be seen that the first pulse-induced
wave propagates a little distance in the direction of the
original center (dark line extending to the left at 09), while
after the second injection the wave can encroach even a
little further in the direction of the original center. Finally,
by pulsing at a slightly higher frequency than the endoge-
nous frequency it should be possible to abolish the original
center completely. The signal propagation velocity of trig-
gered waves, as calculated from the slope of the dark lines
in Fig. 1B, was 20% slower than the velocity of endogenous
signals. This effect is also in agreement with the theory of
excitable media and reflects the dispersive properties of the
medium (Tyson and Murray, 1989; Winfree, 1980). The
triggered wave was induced before the cells were com-
pletely deadapted resulting in the observed reduction of
propagation speed.
We performed 35 experiments to investigate the occur-
rence of optical density waves upon stimulation with
external pulses of cAMP during early aggregation (5–8 h
after starvation). We found that amoebae at this stage were
able to respond to external pulses of cAMP if (1) the cAMP
concentration in the needle was between 500 nM and 500
mM, (2) at least 0.1 nl cAMP was injected, and (3) the
interval between successive pulses was longer than 3 min.
Microinjection of KK2 buffer or just placing a cAMP-
containing needle into a cell layer on the agar surface
without pulsing did not elicit optical density waves (data
not shown). As described above, the triggering of optical
density waves was much more efficient if the agar con-
tained 1 or 2 mM caffeine. Waves could be triggered with
100-fold lower cAMP concentration in the pipet compared
to experiments without caffeine. With 2 mM caffeine,
optical density waves propagate with a period of 8–10 min.
This period can be lowered to 4–6 min by microinjection of
appropriate amounts of cAMP as shown in Fig. 1 (n 5 18)
showing that under these conditions the refractory period is
considerably lower than the actual rate of signal produc-
tion.
These experiments show that it is possible to elicit
optical density waves in vivo using the correct combination
of parameters affecting pulse length and amplitude in
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FIG. 1. Induction of dark-field waves during early aggregation. (A) A series of dark-field images of aggregating amoebae 5 h after starvation
acquired in 2-min intervals. Bar, 2 mm. At T 5 0 and T 5 5 min 0.1-nl pulses of 0.5 mM cAMP were injected into the cell layer. The induced
signal appears as a dark band and propagates from the needle. (B) Time–space plot of this experiment. Arrows indicate the positions of the
needle tip. The dashed lines indicate how the endogenous wave would have propagated, if undisturbed. Time points are indicated for 0 and
6 min. Bar, 10 min.
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populations of cells where the refractory period is signifi-
cantly shorter than the endogenous frequency of excitation.
Aggregate formation in streams. We also performed
microinjection experiments in aggregation streams. We
were not able to elicit optical density waves by injection of
cAMP; however, cells regularly started to collect at the tip
of the injection needle shortly after starting the application
of cAMP pulses. To be able to observe optical density waves
in streams, we investigated streamer F mutants. In these
mutants, periodic signals are clearly visible in the streams
as dark- and bright-light scattering stripes propagating away
from the aggregation center (Gottmann and Weijer, 1986).
Biochemically, these mutants show a prolonged peak of
intracellular cGMP in response to an external cAMP stimu-
lus leading to stronger association of myosin II with the
cytoskeleton (Ross and Newell, 1981; Newell et al., 1990).
Figure 2 shows a typical example from a series of nine
experiments. Streams of streamer F strain NP368 were
injected with 0.1-nl pulses of 500 mM cAMP every 3 min
leading to the formation of an aggregate within a few
minutes. The endogenous frequency of the aggregate was
3.5 min as determined from the corresponding time–space
plot. Cells accumulated at the needle tip and started to
rotate around the tip. This effect was already visible after 6
min, equivalent to two pulses of cAMP (Fig. 2C). Optical
density waves propagating along the streams were extin-
guished just upstream of the site of injection. After 20 min
of periodic cAMP injection at 3-min intervals, the induced
cell mass (mound) occupied the whole width of the stream.
Wave propagation from the needle could not be observed.
Cells upstream of the newly established center continued
to move toward the initial center, while cells downstream
collected at the tip of the needle, leading to a disruption of
the stream. If the needle was removed before the disruption
of the stream, the aggregate dissolved again. The minimal
cAMP concentration necessary to elicit a response was 10
times higher than during early aggregation. As in the early
aggregation experiments the effective minimal cAMP con-
centration could be lowered by a factor of 100 by the
addition of 2 mM caffeine (n 5 3).
Wave propagation in mounds. Visualization of dark-
field waves in mounds by image subtraction methods
(Siegert and Weijer, 1995) enabled us to investigate the
effects of cAMP injection into mounds (Fig. 3). We used
strain XP55 for these investigations because it makes large
mounds when the cells are grown on bacteria. We have
shown in previous studies that mounds of XP55 are orga-
nized by relatively low-frequency concentric optical den-
sity waves. We also described that frequently there were
several centers in one mound, which competed with each
other and the waves from these centers mutually annihi-
lated upon collision. This suggests that the pacemaker in
the mound does not run at the maximal frequency at which
the tissue can be sustained, otherwise there would only be
FIG. 2. Mound formation in streams. Streamer F strain NP368 was injected with 0.1-nl pulses of 500 mM cAMP every 3 min. Injection
into the stream leads to aggregation at the needle tip. (A) Stream at the start of the experiment. Optical density waves are visible as dark
stripes propagating from the aggregation center to the left outside of the image. (B–D) The same stream after 4, 8, and 20 min. Bar, 100 mm.
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one signaling center as in the case of a spiral center. This is
the case when the period of refractoriness is significantly
shorter than the period of excitation. Therefore, it should be
easier to trigger signals in these mounds by pulses from a
micropipet than in mounds organized by spiral waves,
which are expected to run at almost their maximal attain-
able frequency.
The left panel of Fig. 3A shows propagation of an endog-
enous wave in an XP55 mound. The uppermost panel in Fig.
3A shows the mound in semi-dark-field illumination; the
lower two panels are subtraction images of the same mound
60 and 150 s after the start of the experiment. The wave
appears as an expanding concentric ring. After injection of
0.01 nl of 0.5 mM cAMP a wave propagated from the needle
tip (Fig. 3B). The needle was placed at the left side of the
mound. The middle panel of Fig. 3B (180 s) shows that a
wave was induced by the injection of cAMP. However, at
the same time a second wave appeared in the right half of
this mound. When the triggered wave meets the endoge-
nous wave, both waves extinguish each other. The simplest
explanation for these data is that both waves are carried by
the same chemical signal. In Fig. 3C, the position of the
needle was moved by 90° and a second cAMP pulse was
injected. Again, an optical density wave was elicited by the
FIG. 3. Wave propagation in mounds. Left column (A), first image: Bright-field view of a XP55 mound. Bar, 100 mm. Images below are
results of a subtraction of subsequent images. The optical density wave appears as a dark band. Middle column (B): Same mound after
injection of 0.01 nl 0.5 M cAMP. Right column (C): Same mound after changing the needle position. Numbers in the lower left corners of
the subtraction images give the time relative to the injection, respectively.
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injection and as before interacted with the endogenous
wave. We could elicit optical density waves only in 5 of 21
experiments. However, in 16 experiments the shape of the
mound was altered. Either the mound developed a tip at the
site of injection or it oriented itself toward the needle (data
not shown). In other experiments, we observed the alter-
ation of the spatial pattern of the optical density waves. In
the streamer F mutant NP368, microinjection of cAMP
caused a spiral wave to convert into a concentric ring
pattern (Siegert and Weijer, 1997).
Effect of cAMP injection into slugs. To investigate the
effect of cAMP injections into slugs we made use of an
experimental system previously described by Siegert and
Weijer (1993). If slugs are transferred onto agar plates
containing 4 mM caffeine, they immediately stop migration
and the anterior-like cells in the prespore zone aggregate to
form several tips along the long axis of the slug after a
period of 1 to 3 h. We investigated if microinjection of
cAMP is able to control tip formation under these condi-
tions. We had to resort to this technique since in our hands
it was impossible either to initiate optical density waves or
to initiate tip formation in migrating slugs under standard
conditions. To observe cell behavior, prestalk cells were
stained with the vital stain neutral red. In slugs placed on
caffeine stained prestalk and anterior-like cells collected in
equally spaced spots along the long axis of the slug and
formed new tips as depicted in Fig. 4A. During the injection
of regular pulses of 5 mM cAMP every 3 min in the prespore
zone of a stained slug, the stained anterior-like cells sorted
to two different locations. Some anterior-like cells moved
toward the original tip and others collected at the tip of the
needle as shown in Fig. 4B. The accumulation of an easily
visible number of stained cells at the needle tip took 20–30
min from the start of injection, while the spontaneous
formation of tips without pulsing took 75–90 min. This
effect was observed in 7 of 7 experiments. The movement
trajectories and the behavior of neutral red-stained cells in
caffeine-treated slugs were characterized at higher magnifi-
cation (Fig. 5). The white rectangle in Fig. 5A marks the area
of view in Figs. 5B–5D. Under the same conditions as
described above, cells gathered at the needle tip after 20 min
(Fig. 5B). If the position of the needle was moved to a new
location (the new position of the needle tip is indicated by
the arrow in Fig. 5B), the cells immediately followed to the
new location as shown in Fig. 5C. Sixty minutes after
changing the needle position a new tip had formed at this
location, while the former tip had dissolved (Fig. 5D). Cells
showed vigorous rotational cell movement around the
needle tip as characteristic for prestalk cells (Siegert and
Weijer, 1992). However, accumulation of neutral red-
stained cells at the needle tip was also observed if the pipet
was placed in the prespore region of the slug without
pulsing. This effect was observable with cAMP concentra-
tions down to 50 mM; however, in this case it took two
times longer for a tip to form.
Injection of cAMP does not lead to the induction of
visible optical density waves associated with synchronized
cell movement. This might be interpreted as being the
result of the inability to see the waves in the slug due to its
thickness and the presence of the slime sheath. Alterna-
tively, it might be that there are no propagating waves of
cAMP in the slug under these conditions as suggested by
Wang and Kuspa (1997). Our results however show clearly
that prestalk cells aggregate because of localized cAMP
injection in the slug in agreement with earlier experiments
by Matsukuma and Durston (1979). cAMP is most likely
also involved in the accumulation of anterior-like cells seen
normally in slugs on caffeine. Furthermore, anterior-like
cells are attracted over large distances, compatible with the
idea that the signal is relayed.
DISCUSSION
In this paper, we report the findings from experiments in
which we try to establish the role of cAMP pulses in the
optical density wave propagation and the control of cell
movement in the later stages of Dictyostelium develop-
ment. We started by showing that periodic pressure injec-
tion of pulses of cAMP in fields of aggregating amoebae
could elicit OD waves that propagate from the needle
outward and interact with waves from endogenous centers.
The success of the propagation of the waves depended on
the excitation state of the cells at the injection site. When
cells had just been excited, they did not propagate the
signal. After a period of total refractoriness the cells started
to become sensitive and could propagate signals from the
pipet, although at a low efficiency. It was difficult to entrain
the cells under these conditions to signals emitted by the
pipet. Under normal conditions, the cAMP level oscillates
between 1029 and 1026 M cAMP (Devreotes et al., 1983).
This implies that all the high-affinity car1 receptors with a
KD of 20 nM will be occupied and therefore desensitized
after the passage of a pulse of cAMP. Therefore, it will be
very difficult to stimulate the cells again before a major
portion of the receptors is resensitized.
The success of entrainment could be improved significantly
by the inclusion of 2 mM caffeine into the agar plates.
Caffeine (2 mM) reduces the production of cAMP to less than
5% of the normal levels (Brenner and Thoms, 1984). There-
fore, oscillation frequency and wave propagation velocity in
aggregating D. discoideum amoebae are reduced by caffeine in
a dose-dependent manner (Siegert and Weijer, 1989). This
would imply that after passage of an endogenous low-
amplitude cAMP wave many receptors have not seen cAMP
and are not desensitized. These receptors could then be
stimulated by a localized extracellular pulse of cAMP from the
pipet to generate a signal that can be relayed by the surround-
ing cells, which also have free responsive receptors (signal
complexes). This makes it much easier to entrain the cells to
an extra cellular high-amplitude signal as shown by the
experiments. In the presence of caffeine, waves could be
induced with a 100-fold reduced concentration of cAMP in the
needle compared to experiments without caffeine consistent
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with this interpretation. Injection of cAMP pulses in aggrega-
tion streams led to blocking of the signals coming from the
endogenous aggregation center and accumulation of the cells
downstream of the center and the pipet around the pipet. This
is also consistent with the signal coming from the center
being cAMP.
FIG. 4. Tip induction in slugs. Left column (A): Injection of 0.01-nl pulses of 5 mM cAMP into slugs every 3 min results in the
accumulation of neutral red-stained cells at the needle tip. Right column (B): Control slugs without injection. Agar plates contained 4 mM
caffeine. Numbers in the lower left corners of the images give the time relative to the start of the experiment. Bars in A and B, 100 mm.
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cAMP microinjection in mounds. We were successful
in eliciting optical density waves in mounds of strain XP55.
This strain is normally characterized by relatively low-
frequency concentric OD waves coming from several cen-
ters. The fact that several centers can be found suggests that
the relay system is not running at its maximal frequency. In
some areas of the mound, new centers can be established
that compete with the existing ones. This implies that
some receptors will be in the desensitized state. This then
explains why it is relatively easy to entrain cells to an
external signal as in the case of caffeine (see above). We
have also succeeded in transforming endogenous mul-
tiarmed spirals in strain Ax3 by concentric ring waves by
pulsing at relatively high frequency from the pipet (Siegert
and Weijer, 1997). We have shown previously in theoretical
considerations that multiarmed spirals arise in low excit-
able media (Vasiev et al., 1997). Under these circumstances,
the wave frequency can be much lower than the refractory
time, resulting in ideal conditions to entrain cells via
“high-frequency” extracellular pulses of cAMP, just as in
XP55 and in the presence of caffeine. The fact that artifi-
cially induced waves interacted and extinguished signals
from endogenous centers strongly supports the hypothesis
that optical density waves observed in mounds are caused
by propagating cAMP waves.
cAMP microinjection in slugs. There has been a lot of
circumstantial evidence for the involvement of cAMP in
the control of cell movement in slugs. cAMP at high
concentrations (0.1 mM) can disrupt slugs (George, 1977).
Slugs and slug tips have been shown to attract aggregation-
competent amoebae (Bonner, 1949; Rubin, 1976; Rubin and
Robertson, 1975) and furthermore externally applied cAMP
pulses can influence the cell-sorting pattern of dissociated
prestalk and prespore cells. (Matsukuma and Durston,
1979). In other experiments it was shown that vitally
stained prestalk cells move chemotactically toward exter-
nal cAMP sources (Matsukuma and Durston, 1979; Stern-
feld and David, 1981; Early et al., 1995). In mutants,
overexpressing phosphodiesterase and thus having reduced
levels of extracellular cAMP vitally stained prestalk cells
failed to form a tip if an external source of cAMP was
supplied. cAMP concentrations between 0.1 and 5 mM in
the agar were effective in guiding the prestalk cells to the
bottom of the aggregate (Traynor et al., 1992). Periodic
behavior of cells has been observed in slugs and optical
density waves have been seen in regulating slugs (Durston
and Vork, 1979; Durston et al., 1979; Siegert and Weijer,
1992). We have recently visualized propagating optical
density waves in the related species D. mucoroides that
also uses cAMP as the chemoattractant during aggregation
FIG. 5. Sorting of neutral red-stained cells induced by cAMP microinjection. (A) Bright-field view of a slug after transfer to caffeine–agar.
Bar, 100 mm. (B) High magnification view of the area indicated by the white rectangle in A. After 20 min, a group of neutral red-stained cells
has accumulated at the needle tip. The needle was moved to the position indicated by the arrow. Forty minutes later, half of the cells (C)
and after 80 min all cells (D) have moved to the new needle position. Bar in C, 50 mm.
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(Dormann et al., 1997). On the basis of all these findings we
have proposed that propagating three-dimensional scroll
waves of cAMP controls cell movement in mounds and
slugs (Siegert and Weijer, 1992; Steinbock et al., 1993;
Bretschneider et al., 1995).
That the chemotactic signal is cAMP or alternatively that
it is necessary has recently been challenged by the observa-
tion of Wang and Kuspa (1997). They constructed a strain
which lacks the major adenylate cyclase gene, ACA, and
which simultaneously overexpresses the catalytic subunit
of the cAMP dependent protein kinase (pkAC). This mutant
is able to form mounds that develop into slugs. At face
value these observations seem to suggest that the signals
responsible for the control of cell movement are not cAMP
or alternatively that they are not always necessary to form
slugs and that there is another backup mechanism that
might coordinate the movement of the cells. Alternatively,
there is increasing evidence that there might be other
adenylyl cyclases present that can take over the role of
ACA, which then would have to signal at much lower
amplitude, not readily detectable in a biochemical cAMP
assay. Alternatively, it cannot be ruled out that the overex-
pression of the pkAC somehow induces some of the cell
movement behavior required for cell sorting in the mounds,
for instance by modulating the expression of cell adhesion
molecules. These possibilities are all very intriguing and
remain to be further investigated.
The results we obtained in this study would support a
role for cAMP in the control of cell movement in slugs,
although they also cannot prove it directly. In the course of
the present experiments, we noted that it was difficult to
affect sorting behavior of the cell types by injection of
cAMP pulses in the prespore region of a slug. The reason for
this might be the same as during aggregation, i.e., it is
difficult to interfere with an oscillating system, which is
running at maximum amplitude and frequency. Therefore,
we investigated the influence of periodic cAMP pulses of
variable amplitude and duration in the prespore zone of
slugs on caffeine. We had shown earlier that neutral red-
stained anterior-like cells from the prespore portion of a
slug sorted out to form a pattern of regularly spaced new
tips along the long axis of the slug on agar plates containing
caffeine (Siegert and Weijer, 1993). We argued that this was
caused by a reduction of the cAMP signal amplitude and
oscillation frequency as during aggregation and that this
resulted in the observed decrease of tip inhibition (Durston,
1976; Siegert and Weijer, 1993). The aggregation of the
anterior-like cells was proposed to be dependent on a cAMP
signal and the spacing between the centers to result from
competition between signaling centers just as during aggre-
gation (Siegert and Weijer, 1993). The present experiments
definitively show that the anterior-like cells aggregate to-
ward the pipet. Furthermore, we can affect the spacing of
new centers by pulsing with cAMP. This shows that the
signal that the anterior-like cells use to sort from the
prespore cells is cAMP and that the signal they emit
themselves to regulate the spacing is cAMP. These findings
presents strong, although indirect, evidence for the role of
cAMP pulses in the control of cell sorting and its role in tip
inhibition in addition to that in differentiation.
In summary, our data indicate that the optical density
waves that we can observe in mounds are mediated by
propagating cAMP waves. Furthermore, they indicate that
periodic cAMP signals play an important role in cell sorting
and tip inhibition in slugs. It remains to be seen why the
ACA null mutant can develop. Do these results imply that
there is a backup mechanism or yet another cyclase that
can take over the function? These very important and
urgent questions can only be addressed by the direct in vivo
measurement of extracellular cAMP dynamics.
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